The optical properties of plant surfaces are strongly determined by the shape of epidermal cells and by the patterning of the cuticle on top of the cells. Combinations of particular cell shapes with particular nanoscale structures can generate a wide range of optical effects. Perhaps most notably, the development of ordered ridges of cuticle on top of flat petal cells can produce diffraction-grating-like structures. A diffraction grating is one of a number of mechanisms known to produce 'structural colours', which are more intense and pure than chemical colours and can appear iridescent. We explore the concept that mechanical buckling of the cuticle on the petal epidermis might explain the formation of cuticular ridges, using a theoretical model that accounts for the development of compressive stresses in the cuticle arising from competition between anisotropic expansion of epidermal cells and isotropic cuticle production. Model predictions rationalize cuticle patterns, including those with long-range order having the potential to generate iridescence, for a range of different flower species.
Introduction
The epidermal surfaces of petals display a range of patterns [1] [2] [3] [4] . These patterns result from the combination of diverse micro-and nanostructures, which, together with cell shapes, sculpt the outermost layer of the petal and confer unique physical, mechanical or optical properties on the petal.
In one example, micropapillae and nanofolds on top of the petals of rose provide superhydrophobicity and a high adhesive force with water, a phenomenon known as the 'petal effect'. This effect allows spherical water droplets to form, which cannot roll off even when the petal is turned upside down [5] . Many other petals possess conical cells covered with a radiate pattern of cuticular ridges [1] , which might provide functional support for the cell. Finally, arrays of regularly spaced nanoridges have been found on the flat epidermis of Hibiscus trionum and many species of tulip, where they act as a diffraction grating. The particular shape and spacing of these ridges cause constructive interference for different wavelengths of light in different directions, giving rise to an angular colour variation, also known as iridescence [6] . Very little is currently known of how any of these patterns form on top of the epidermis during petal development.
Explaining how the nanoscale ridges of a diffraction grating (examples are shown in figure 1b,e) form on top of the petals is particularly important because of their biological function. Pollinators, such as bumblebees, can detect the iridescent signal produced by petal nanoridges, and can learn to use this signal as a cue to identify rewarding flowers [6] . Understanding how petals develop structures such as these to attract their pollinators is a major goal in plant biology: an estimated 35 per cent of global crop production depends on petal-mediated animal pollination but a decrease in pollinator numbers across the world has started to limit the odds of pollination and to reduce crop production rates [9, 10] . Defining the mechanisms that underlie the development of diffraction gratings, and other petal surface patterns, will allow us to understand how plants can build structures sufficiently regular to mediate interspecies communication through light interference. Since many signalling pathways and morphogenic processes are broadly conserved in biology, understanding how petal surface patterns develop may also have broader implications in understanding many aspects of biological pattern formation.
The optical properties of a petal strongly depend on the shape of its epidermal cells and on the form of the nanoscale patterning on those epidermal cells. To generate iridescence through a diffraction grating, cells must be flat. In contrast, rounded or conical cells scatter light in different directions. The genetic basis of gross epidermal cell shape is well understood, being controlled by a family of MYB transcription factors encoded by the MIXTA-like genes [8, 11, 12] . The nanoscale ridges on many petals, including those that function as diffraction gratings, are part of the cuticle, the tulip 'queen of the night' Venice mallow Figure 1 . Diversity of surface patterning in flowering plants. Flowers of tulip 'queen of the night' (a) produce iridescence owing to the presence of ridges (b) on top of the purple-pigmented abaxial (outer) epidermis of the tepal. The adaxial (inner) side of the tepal produces disordered ridges (c) and is not iridescent. The dark pigmented patch in the centre of the Venice mallow (Hibiscus trionum) flower (d ) is also iridescent and exhibits flat cells with regular ridges (e). At the junction between the purple patch and the rest of the petal (white region), the cells retain their shape and size but the ridges are absent (f ). Epidermal cells of Arabidopsis (Arabidopsis thaliana) leaves (g) are flat and smooth (h) in wild-type individuals but ridges form (i) when the SHINE1 gene, normally silent in leaves, is ectopically expressed (35S::AtSHN1) [7] . The inner petal epidermis of wild-type snapdragon ( j ) flowers (Antirrhinum majus) is made of conical cells (k). These cells remain flat when the MIXTA gene, which normally triggers the formation of conical cells, is mutated (l ) [8] . protective waxy covering produced by the epidermal cells. Our understanding of the mechanisms that regulate the assembly and organization of the cuticle is still limited. The cuticle consists of a polymer matrix of cutin that is covered with epicuticular waxes and incorporates intracuticular waxes (figure 2). Its thickness, structure and chemical composition vary widely between species and between different organs of the same plant, but the potential functional consequences of such differences are poorly understood [13] . The synthesis of cuticular components (mostly cutin and waxes) and their secretion through the plasma membrane have been described [14] [15] [16] , and regulators of cutin and wax biosynthetic genes have been recently identified as SHINE transcription factors, members of the AP2 family [7, 17, 18] . However, the mechanisms responsible for the patterning of the cuticle remain to be understood. Cuticular ridges can be parallel to (figure 1b,e) or perpendicular to (figure 3b,d) the long axis of the cell, or can lie in a more complex pattern; some examples are summarized in table 1. It is possible that different mechanisms generate these different patterns [19] , or that their control is through the same or similar processes. One possibility is that patterning is controlled by a biochemical process intrinsic to the cuticle (for instance, cuticle components could self-organize). A second possibility is that the cell locally regulates the secretion or assembly of cuticle components in a patterned fashion along the plasma membrane. Alternatively, the ridges could simply form through a mechanical instability, owing to forces arising within the expanding cuticle layer as the cell elongates. (It is notable that mechanical buckling has been proposed as a possible mechanism for the formation of a diffraction grating on a pollinator, namely the cuticle of scales on the wings of Colias eurytheme butterflies [20] . ) We explore here a biomechanical mechanism for ridge formation, using a mathematical model to demonstrate the underlying principles. The literature on buckling instabilities of thin layers of material on a substrate provides us with a useful starting point. Experimentally, it is well established that lateral compression can be used to manipulate buckling patterns [21] . Orthogonal compressive and extensional stresses will generate organized wrinkled patterns. These are susceptible to secondary instabilities (such as herringbone patterns) if the stress field becomes compressive in both directions [22] . Fig. 8 of Audoly & Boudaoud [23] provides a schematic map of parameter space identifying stability boundaries for the onset of different patterns in a composite layer (a stiff film bound to a soft substrate) under biaxial compression, a framework that we adopt below. In these examples, compressive stresses can arise either through external compression or through swelling or growth of a material such as a gel. An investigation of a growing soft layer on a stiff substrate [24] predicted that the wavelength of the most unstable mode at the onset of instability was infinitely small. This effect was shown to be regularized by the introduction of small inhomogeneity near the surface of the layer, and, in a number of such cases, the wavelength of the mode which first becomes unstable scales with the layer thickness.
In this study, we develop a biomechanical model to investigate whether buckling of the cuticle layer can create the ridge patterns observed on petals and leaves. In §2, we investigate the stresses within the cuticle layer, showing how compressive stresses may arise as a result of differences between the rate of cuticle production and the growth of the underlying cell wall, paying attention to competition between isotropic deposition of cuticle and anisotropic cell expansion. The model predicts how parameters relating to cell expansion, cell shape and cuticle production rate can affect the ridge pattern. Having analysed the origin of the ridges, we return to our list of observed patterns (table 1) in §3. We discuss how these observations can be captured by the model in given parameter regimes, with corroboration provided by the cuticular patterns observed in lines misexpressing the SHINE and MIXTA genes. Owing to the difficulty in measuring the mechanical properties of the cuticle, we concentrate on qualitative differences in the types of patterns generated. We conclude by discussing the experimentally verifiable predictions provided by the model of how cell growth rates and cuticle production vary between different species and developmental stages.
Material and methods

Modelling buckling patterns in flat cells
We examine how differences between the (anisotropic) growth of the cell wall and the production of cuticle (assumed to be transversely isotropic) generate stresses in the cuticle layer. We explore the concept that compressive stresses can lead to mechanical instabilities that generate ridges in the cuticle.
The cuticle has been shown to be viscoelastic and strainhardening, with biomechanical properties that depend strongly on temperature and humidity, and having distinct molecular components that regulate different mechanical properties [25, 26] . However, to explore and illustrate the underlying mechanism generating ridges, we use here a deliberately simple model, treating the cuticle as a homogeneous incompressible nonlinearly elastic material. The aim of this analysis is to understand how the stresses in the cuticle layer depend upon the growth rates of the cell wall and cuticle. As our primary concern is to determine whether these stresses are compressive or tensile, the precise choice of constitutive law is of secondary importance.
We first consider rectangular cells with a flat upper surface upon which lies a cuboidal layer of cuticle material. The cuticle has uniform principal stretches (l 1 , l 2 , l 3 ) in a Cartesian coordinate system (figure 4), with l 1 and l 2 in the plane of the cuticle layer, parallel and perpendicular to the long axis of the cell, respectively; incompressibility requires that the stretch normal rsif.royalsocietypublishing.org J R Soc Interface 10: 20120847
to the cuticle satisfies l 3 ¼ 1/l 1 l 2 . We assume that the cuticle adheres tightly to the underlying cell wall, and that this is much stiffer than the cuticle, so that l 1 and l 2 are prescribed by the growth of the cell wall over the duration of cuticle development. (For flat cells, these stretches will reflect cell growth; stretches can also be generated by the cells becoming domed, as discussed below.) Stretching will cause the cuticle layer to thin, and we suppose that new material is added from the base to maintain a roughly constant cuticle thickness. We suppose, for simplicity, that the new cuticle material is laid down with the same strain as the existing material, so that l 1 and l 2 can be assumed homogeneous through the cuticle layer. We use a neo-Hookean constitutive law to model the relationship between stress and strain in the layer. This is one of the simplest possible nonlinear elastic constitutive laws, with only one material parameter, and it extends Hooke's Law to non-infinitesimal strains. The non-zero stresses in the layer are given by
in Cartesian coordinates (e.g. [27] ; eqn (5.4.2)), where m is the shear modulus of the cuticle and the pressure p is introduced to enforce incompressibility. As the stresses are uniform and homogeneous, the equilibrium condition r . s ¼ 0 is automatically satisfied. We postulate that, as part of the growth response, an additional compressive stress mP is applied to the upper and lower surfaces of the cuticle layer (where P is a stretch-dependent quantity, defined below); one candidate mechanism contributing to P may be cutin polymerization, which has recently been demonstrated to take place extracellularly by the acyltransferase CD1 [28] .
When P . 0, this growth-induced compressive stress (acting normal to the cell wall) effectively adds to the pressure in the cuticle, relieving the tension generated through stretching. A similar approach has been adopted within a linear elasticity framework by Edwards & Schwarz [29] , who directly introduced an isotropic stress to a two-dimensional model of a planar cell layer to represent cellular contractility.
To model the additional compressive stress, we postulate
ð2:4Þ
This functional form is motivated by the observation that, when the cell wall expands isotropically (l 1 ¼ l 2 ) with b ¼ 1, the value of P exactly balances the stresses in the cuticle plane generated by stretching, so that the expanding cuticle is stress-free. We therefore regard the case b ¼ 1 as that of 'normal' cuticle production. We refer to the cases b . 1 and b , 1 as 'over-production' and 'under-production', respectively (although, in this simple model, we do not distinguish explicitly between, for example, the rate of delivery of material to the cuticle layer and its subsequent polymerization). When b . 1, extra compressive in-plane stress is generated in the cuticle layer, whereas b , 1 leads to greater tensile in-plane stress in the cuticle. In (2.4), the compressive stress P depends symmetrically on l 1 and l 2 , implying that the cuticle growth response is transversely isotropic. Substituting (2.4) into (2.3), we have
ð2:5aÞ and
: ð2:5bÞ
Using these formulae, we can map out regions of the (l 1 , l 2 )-plane (figure 4) in which the following stress patterns arise: Region I. s 11 . 0, s 22 . 0: the cuticle layer is under tension in both in-plane directions, suggesting the cuticle will be smooth.
Region 22 . 0: the cuticle layer is under tension in the 2 direction, compression in the 1 direction. Again, for sufficiently great compressive stresses, the cuticle will buckle, forming ridges aligned with the 2 direction. Region IV. s 11 , 0, s 22 , 0: the cuticle layer is under compression in both in-plane directions, which if sufficiently large will promote buckling with irregular patterns that may not show a preferred orientation.
In general, according to (2.5), the cuticle is completely stressfree only at l 1 ¼ l 2 ¼ 1 (no cell growth), except when b ¼ 1, in which case the cuticle is stress-free along the line l 1 ¼ l 2 (isotropic cell growth). We emphasize that the present model does not include viscous processes that might lead to slow stress relaxation in the cuticle layer. Since we do not expect cell shrinkage, we focus on the regime l 1 ! l 2 ! 1 in the following discussion; however, for completeness, we show the domain l 1 ! 0, l 2 ! 0 in figure 4 .
For 0 b, 1, the cuticle is predicted to be smooth if l 1 and l 2 are of similar size (region I in figure 4a,b), whereas ridges are predicted if one stretch is sufficiently large with the other remaining small. We emphasize that patterns with a high degree of spatial correlation are most likely to arise when the cuticle is compressed in one direction and under tension in the other (regions II and III in figure 4 ).
For b . 1, cuticle over-production promotes buckling for any l 1 ! 1 and l 2 ! 1 provided that l 1 and l 2 are not both unity. As b becomes large, the region in (l 1 , l 2 )-space for which the cuticle is under compression in only one of the two directions becomes smaller, and instead the cuticle is typically compressed in both directions (region IV in figure 4d ), which we expect to result in irregular buckling patterns. A variety of different patterns are possible in region IV [23] , including the ordered ones present in II and III; however, in regions II and III only ordered patterns are expected.
For b ¼ 1, the cuticle is compressed in the direction of lower stretch and under tension in the direction of greater stretch, so ridges are generated only parallel to the direction of greatest stretch (regions II and III in figure 4c ). Note that these patterns are predicted to occur even with small anisotropy in the growth rates of the underlying cell.
Modelling buckling patterns in domed cells
This analysis can be extended to address the case of cells that are not flat, provided that the thickness of the cuticle is small compared with the radii of curvature of the surface, with l 1 and l 2 again being the in-plane principal stretches of the cuticle (in orthogonal directions). We illustrate this by considering the case of a cell with a conical upper surface undergoing uniform meridional stretch l 1 . As shown in appendix A, the azimuthal stretch l 2 is given by
where f is the angle between the unit normal to the surface and the axis of symmetry of the cone (so the opening angle of the cone is p 2 2f ). We can combine (2.6) with (2.5) to predict the principal in-plane stresses in the cuticle. For a growing conical cell, the stretches follow the path (2.6) in the (l 1 , l 2 )-plane. Consider for example the case of cuticle under-production (0 , b, 1, figure 4b ). For a flat enlarging cell (f ¼ 0, l 1 ¼ l 2 ), stretches satisfying (2.6) lie in region I, implying that the cuticle will be smooth. For a sufficiently pointed cell (cos f , b for large l 1 ), stretches satisfying (2.6) lie in region II, implying that the cuticle will be wrinkled with ridges radiating outwards. Such a mechanism shows parallels with experiments by Huang et al. [30] , which show that indentation of a plane elastic film generates a radial rsif.royalsocietypublishing.org J R Soc Interface 10: 20120847 wrinkling pattern. In the case of cuticle over-production, sufficiently flat cells (cos f . 1/b for large l 1 ) are predicted to show irregular patterns (region IV, figure 4d ), while more conical cells will again show radial ridges (region II).
Analysing the buckling wavelength
The above calculations show how the production rate of the cuticle, the (anisotropic) growth of the underlying cell wall and possibly the cell shape may lead to stress patterns in the cuticle that induce buckling patterns, and how these patterns may be strongly correlated over long distances under appropriate circumstances. For buckling patterns to be iridescent, the distance between ridges must be regular and comparable in magnitude to the wavelength of light. From microscopic images of ridges, we observe that their wavelength appears to be similar to the thickness of the cuticle, of the order of 1 mm. The following two observations demonstrate how the physical properties of the cuticle layer (figure 2) might be regulated to ensure that the buckling wavelength is comparable to the cuticle layer depth. First, consider the buckling under lateral compression of a thin elastic film of thickness h and Young's modulus E f bonded to an incompressible elastic substrate of thickness H and Young's modulus E s . (We can identify the upper film with the cutin þ wax layer in figure 2 , and the substrate with the thicker cutin þ wax þ pectin layer.) A balance between the energy of bending of the film and the elastic restoring force of the substrate yields the following predictions for the buckling wavelength g [31, 32] : for a sufficiently soft film (E f /E s ((H/h) 3 ), the buckling wavelength is short compared with the substrate depth
, the buckling wavelength is long compared with the substrate depth (g (hH)
1/2 (E f /E s ) 1/6 )H ). However, by tuning the relative stiffnesses of the two layers to the relative depths according to
ð2:7Þ the buckling wavelength will be comparable to the substrate depth. Alternatively, consider a single homogeneous elastic layer resting on a rigid surface, where swelling of the layer leads to buckling. While the critical wavelength for buckling is predicted to be zero for a strictly homogeneous layer [24] , a small surface inhomogeneity (e.g. a thin 'skin') is sufficient to make the critical wavelength comparable to the layer thickness. Thus, using either (2.7) or suitable surface modification, the observed ridge wavelengths can be plausibly justified via a buckling mechanism.
Results
We now consider the observed nanoridge patterns (classified into eight cases in table 1), and discuss how the model can provide understanding of each of these. We have assigned positions on the graphs in figure 4 for most of the observed cases. These positions do not contain quantitative information but are shown as candidate explanations for the observed data, focusing on the regions in which the points lie and the positions relative both to each other and to the line l 1 ¼ l 2 .
Buckling can explain the ridge patterns in rectangular cells
Ridges parallel to the principal elongation axis are observed in rectangular cells of tulip and Venice mallow (case 1a,b). In the model, these patterns are predicted in parameter regimes corresponding to region II, where the cuticle is under tension parallel to the long axis of the cell but compressed in the direction perpendicular to it. We illustrate these cases with representative points in figure 4c,d , but elsewhere in region II would also be valid, depending on the precise growth kinematics of the underlying cell wall. In contrast with these regular patterns, cells in the middle of the petal of Venice mallow (case 2) do not have ridges, suggesting that the cuticle is under tension in both planar directions. We suggest that this change in morphology is due to the cuticle production rate being lower than that of the cells at the base of the petal (case 1a; Venice mallow); in the model this corresponds to a lower value of b, but the same values of l 1 and l 2 , producing a change from region II to region I. We have selected points in figure 4c ,b, respectively, to illustrate this hypothesis.
Tulip cells on the inside of the petals have ridges which are not continuous (case 3); we suggest that these are due to a parameter set lying in region IV, reflecting biaxial compression in the cuticle layer. One possible difference between this case and that of the striated cells on the outside of the petal (case 1b; tulip) is the size of the stretch perpendicular to the long axis of the cell (l 2 ); we have chosen two possible points in figure 4d to illustrate how a modest change in cell shape can alter the ridge pattern.
Buckling can explain the ridges in circular cells
The model can also be applied to circular cells. These often become domed or conical, which can be associated with radial ridges that do not cause iridescence (figure 1k). Using equation (2.6), we see that increasing the angle f (making the cell more pointed) increases the ratio l 1 /l 2 ; we suppose that the cuticle is under tension along the meridional direction, but the slower growth in the azimuthal direction generates compressive forces that cause radial ridges. Such ridges are predicted to correspond to region II, thus we adopt the parameter sets shown in figure 4b,d for Arabidopsis and snapdragon, respectively (case 4a,b), prior to considering how the patterns may change in misexpression lines.
Buckling can explain the ridges in SHINE and MIXTA misexpression lines
The petals of the Arabidopsis SHINE amiRNA line [18] have convex circular cells with smooth surfaces (case 5), which we expect to correspond to points in region I. This transgenic line is likely to have reduced cuticle production, which corresponds to a lower value of b, but similar values of stretches l 1 and l 2 to the wild type (case 4a; Arabidopsis) [18] . As with the rectangular cells in Venice mallow (cases 1a and 2), decreasing b can cause a transition from region II to region I; we illustrate the effect of silencing SHINE genes by choosing a point in region I of figure 4a having the same stretches as the wild type (case 4a) in figure 4b . Mutation of the MIXTA gene in snapdragon changes petal epidermal cells from conical to flat [8] ; the ridges become disordered (case 6; figure 1l ), which our model suggests corresponds to a transition from region II to region IV. From (2.6), reducing the angle f while keeping the azimuthal stretch l 2 constant decreases the radial stretch l 1 ; we therefore choose a point on figure 4d (case 6) with the same level of over-production b . 1 as the wild type (case 4b; snapdragon) but a lower value of l 1 .
Observed ridges in Arabidopsis leaves also corroborate the model predictions (cases 7 and 8; figure 1g,h ). Wild-type leaves (case 7) are smooth (region I, figure 4b ), but the rsif.royalsocietypublishing.org J R Soc Interface 10: 20120847 transgenic Arabidopsis line overexpressing SHINE (case 8) has disordered ridges (region IV, figure 4d), and it is thought that there is over-production of cuticle [17] . The complex shapes of Arabidopsis leaf cells make it difficult to estimate l 1 and l 2 ; however, we choose a point in region I of figure 4b to illustrate the wild-type case and a point in region IV of figure 4d for the mutant, with the same stretches l 1 and l 2 but an increased production rate b.
Discussion
We have used a simple mathematical model to illustrate a possible biomechanical mechanism for the formation of ridges in the cuticle on the surface of epidermal cells of plant petals and leaves. The model builds on the concept that the ridge patterns reflect features of the stress field within the cuticle layer. Very regular patterns that are correlated over long distances are likely to arise via compression in the direction orthogonal to ridges and tension parallel to them. Disordered patterns of ridges are likely to reflect biaxial compression, whereas a smooth cuticle is likely instead to be under biaxial tension. We assume that these stresses arise from expansion of the underlying cell and deposition of the cuticle layer as the cell expands. In the absence of detailed information on how new cuticle material is integrated into the existing cuticle layer, we have postulated a parsimonious constitutive model for the mechanical properties of the cuticle, assuming that it is incompressible, nonlinearly elastic and subject to a growth-induced stress arising from deposition and polymerization of new material. The growth-induced stress P (see equation (2.4) ) is chosen to ensure that the cuticle can remain stress-free when the underlying cell wall expands isotropically; P is also assumed to be transversely isotropic, implying that cuticle production is not biased by the orientation (in structure or expansion rate) of the underlying cell wall.
The mathematical model illustrates how ridge patterns may be altered by changes in cell expansion kinematics, or by over-or under-production of cuticle. At a qualitative level, four broad classes of ridge patterns can be generated (regions I-IV, figure 4), with the rates of cuticle production and the principal stretches in the plane of the cell surface being the controlling parameters (the latter can be influenced by the topography of the cell surface). To produce an iridescent diffraction grating, cells must be flat and the cuticle ridges on their surface must be very regular (region II) and with suitable spacing; our model suggests that the ridge spacing is determined primarily by cuticle thickness, which may vary depending on the rate of synthesis and export of cuticular component or the polymerization of the cutin itself. Our model is consistent with the reduction in ridge patterns arising in SHINE knockdown lines in Arabidopsis for which there is reduced cuticle production [7, 18] , and with observations that intracellular cutin synthesis (by the biosynthetic enzymes GPAT6 and CYP77A6) is essential to the formation of ridges in cuticle of Arabidopsis flowers [33] . Also, ridges on top of Arabidopsis petal conical cells are absent in the abcg13 knockout mutant [34] . ABCG13 is an ABC transporter required for the extracellular secretion of cuticular lipids in flowers, suggesting that affecting the transport of cuticle components ultimately modifies the surface pattern. The recent identification of CD1, a cutin synthase localized directly in the cuticle [28] , indicates that cutin polymerization influences cuticle thickness and potentially cuticular patterning, as the cuticle becomes much thinner when cutin polymerization is impaired [28] . Our model also provides a reasonable explanation for the altered ridge patterns in the snapdragon MIXTA mutant, for which there is a change in cell shape and hence in the cuticle stress distribution.
There are numerous areas where more detailed studies of cuticle properties are warranted. In our model, we have taken no account of possible viscous relaxation of stresses generated in the cuticle, nor of the age structure through the cuticle layer, nor of the precise nature of cross-linking within the cuticle layer that might generate the hypothesized stress P (although the identification of CD1 as an extracellular cutin synthase [28] provides a promising lead). It will be important to develop more detailed microstructural models as more detailed knowledge of cuticle properties becomes available. It would also be of interest in future studies to track the evolving shape of individual petal cells and map the changes in principal stretches with time, tracking out a path through (l 1 , l 2 )-space in figure 4 , to see when cuticle patterns emerge as the cell expands. Future work should also address how ridge formation is coordinated between neighbouring cells, allowing ridges to be uninterrupted at the junction between two consecutive cells in some cases (figure 1e), while allowing discontinuous patterns at the junction between striated and non-striated cells in other instances ( figure 1f,i) .
In addition to the examples of ridge patterns discussed earlier (table 1), ridges that are perpendicular to the long axis of the cell have been observed on the flowers of species of rhododendron and daisies (figure 3). According to our model, such patterns suggest that the cuticle is compressed along the long axis of the cell and under tension perpendicular to it (region III in figure 4, for which l 2 . l 1 ). If cuticle production is initiated when such cells have aspect ratio of roughly unity, and if the cells subsequently elongate while remaining flat, then necessarily l 1 . l 2 , and region III is inaccessible. However, if cuticle production starts at a different phase in the expansion of the cell then it may be possible for the cell to expand laterally sufficiently to enter region III. For example, an out-of-plane expansion (generating a humped cross-section) could also allow l 2 to increase relative to l 1 . The pertinent stretches are those generated over the period when the cuticle develops, which may be different from those over the whole growth of the cell. Such considerations raise interesting questions about the growth history of cells and the timing of cuticle development.
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Appendix A. Principal stretches in an axisymmetric cuticle
Consider cuticle on an axisymmetric cell surface, parametrized by the arc-length s from the axis of symmetry along a meridian, the angle f between the unit normal to the cell rsif.royalsocietypublishing.org J R Soc Interface 10: 20120847 surface and the axis of symmetry and the azimuthal angle u. The shape of the cell is defined with respect to cylindrical polar coordinates (r,u, z) by dr ds ¼ cos f and dz ds ¼ À sin f: ðA 1Þ
We take the reference state of the cuticle to be flat (f ¼ 0), parametrized by arc-lengthr ¼s, withz ¼ 0. Then the principal in-plane stretches in the meridional and azimuthal directions are, respectively [35 For a cone with uniform f, it follows from (A 1) that r ¼ s cosf. Assuming uniform meridional stretch, so that s ¼ l 1s , (A 2) then yields (2.6).
